tlf@cffvar. This study investigated tbe effect of prolonged cardk arrest aad subsequent cwdiopulmooary resuscitatioa on left ventricular systolii and diitolic lhctioa.
hkg7wnd. Cardiic arrest From ventricurar tihJlatiun resuits in cessation of forward blood lioq iacludml: myoeardial blood Row. Duriag cwdiopulmonary resuscitation, myocardii blood Row remains subopthal Once the heart is deRbrillated and suceeasful reswcitation acbkv~ reversible myocardial dyslimctiou, or %mniag," may occur. The magaitude aud time course of mywardial stnaning fiw car&c arrest is unkuown.
kleilrwrs. Twenty4ght domestic swine (26 + 1 kg) were studied with both invasive and aouiuvasive measurements of ventricular CunetioobeforeaodafferlOorlSminofontreatod~~amst Gmtrast left veutriculograms, ventricular pressures, cardiac output, isovolnmetric relaxation time @au) and tmnstboracic Doppkrixhabic studies were obtaii Jkvuk Twenty-three of 28 animals were suecesslhlly resuscitated and postresuscitation data obtained. LeR ventricular ejecCm0 fraction showed a sign&ant reduction 30 q in after resusciCardiac arrest remains a major cause of morbidity and early mortality in the United States today. Successful treatment of cardiac arrest inch&s the rapid initiation of basic life support measures, including cardiopulmonary resuscitation (CPR). immediate institution of such efforts can result in resuscitation rates as high as 30% to 40% (1). Unfortunately, >50% of all patients initially resuscitated will subsequently die before leaving the hospital (2-4). The vast majority of such deaths are secondary to either central necvous system or myocardial failure (5). There has been substantial work investigating the treatment or prevention of cerebral damage associated with cardiac arrest and CPR (6-lo), but minimal data are available concerning the effect of cardiac arrest and resuscitation on subsequent myocardial function. scribed (11) in which cardiac filling pressures, including both central venous and pulmonary artery occlusive pressures, temporarily increase after resuscitation. Cardiac index declines after cardiac arrest and resuscitation, with its recovery dependent on the period of untreated cardiac arrest (11). In a study using an isolated heart preparation, both systolic and diastolic myocardial dysfunction were observed during the first 20 min after successful cardiac resuscitation (12).
The aim of the present study was to define the nature, extent and duration of postresuscitation myocardial dysfunction in an in vivo porcine model of ventricular fibrillation cardiac arrest. All animal experiments conformed to the '"Position of the American Heart Association on Research Animal Use" adopted by the Association in November 196; acd with the approval of the University of Arizona Institutional Animal Care and Use Committee. following the American Heart Association Guidelines for Advanced Cardiac Life Support (17). Successful defibrillation and resuscitation were defined as a perfusing rhythm, resulting in an aortic systolic blood pressure >50 mm Hg for ~1 min. During the immediate postdefibrillation stage, dopamine, lidocaine or atropine were used according to the Advanced Cardiac Life Support Guidelines, if necessary (17). All such drugs were terminated before the collection of the 30-min data in the iour swine that needed such immediate postresuscitation support. When the animals stabilized, isoflurane was titrated, as necessary, to maintain adequate analgesia and anesthesia. Animals remained instrumented for measurements of systolic and diastolic function until -6 h after induced cardiac arrest. Left vrntricular function data were acquired at 30 min and 2 and 5 h after resuscitation. At1 catheters were then removed, and the animals were weaned from anesthesia and ventilation, placed in a postoperative observation facility and given intramuscular Butorphanol (Aveco Co.) for discomfort as needed. Twentyfour or 48 h after resuscitation, aurvivnrg animals were reanesthetized and reinstrumented for collection of similar systolic and diastolic left ventricular function data. Complete echocardiographic examinations were performed in 14 swine, all of which had 10 min of untreated ventricular fibrillation before resuscitation. Studies were completed at baseline, 5 h and at either 24 h (n = 9) or 48 h (n = 5). After tinal data collection was complete, the animals were euthanized by intravenous solution (Beuthansia-D, Schering-Plough). Necropsy studies were performed by a veterinarian.
Four additional animals were studied post hoc to further elucidate the mechanism of postresuscitation myocardial stunning. Two swine underwent the same experimental protocol with 10 min of untreated ventricular fibrillation before successful resuscitation. Each had myocardial blood flow measured using nonradioactive colored microspheres and standard microsphere techniques, as previously done in our laboratory (18) (19) (20) . Nonradioactive colored microspheres measuring 12 t 4 pm (Interactive Medical Technology, Ltd.) were injected into the left ventricle over 15 s as a bolus containing -5 million spheres. Reference biood samples were withdrawn at 5 ml/min for 155 s, commencing 5 s before each microsphere injection. At the completion of the study, each subject was killed, and tissue samples were collected from the anterior, lateral and inferior walls of the myocardium. Myocardial wall samples were surgically divided into halves, the outer 50% designated as the epicardium and the inner 50% representing the endocardium. Using sequential collagenase and sodium hydroxide digestion, the spheres were extracted from the reference (blood) and organ of interest (myocardium) samples. Extracted spheres were then counted by color using a hemocytometer. When the number of tissue microspheres and the number of reference microspheres are known, regional blood flow can be calculated using a standard formula, whereby the tissue sample blood flow (ml/min) divided by the nnmber of microspheres in the tissue sample equals the reference blood flow (5 mlimin) divided by the number of microspheres in the reference blood sample.
An additional two swine were studied after high energy shocks were administered without inducing ventricular fibrillation ca:diac arrest. These animals were then examined for evidence of simrlar systolic or diastolic abnormalities due to the shocks alone. The two animals were given -20% more joules than the highest amount received by any previous animal. These animals received five shocks for a total of 886 J. Systolic and diastolic ventricular function were studied exactlv as previously reported.
Data analysis. Left ventricular measurements of systolic and diastolic function were performed at five time intervals: baseline, 30 min, 2 h, 5 h and 24 or 48 h after resuscitation. Three distinct subgroups were studied: 1) group A = 15 min of untreated cardiac arrest before resuscitation (n = 8); 2) group B = 10 min of untreated ventricular fibrillation before resuscitation and restudy at 24 h (n = 10); 3) Group C = 10 min of untreated ventricular fibrillation before resuscitation and restudy at 48 h (n = 5). No animal was studied at both 24 and 48 h secondary to vascular access limitations. Repeated measures analysis of variance was :rsed to compare the mean values of all left ventricular function variables within each group over time from a preairest baseline and ?t 30 min, 2 h and 5 h after resuscitation and, when available, at 24 or 48 h after resuscitation. A Newman-Keuls multiple comparisons procedure was performed to further identify specific differences between the different time intervals. A significant difference was assumed when a p value ~0.05 was reached.
Some comparisons were made between two subgroups: animals undergoing 15 min of untreated cardiac arrest versus those undergoing 10 min of untreated ventricular fibrillation before resuscitation. Such analyses utilized a Student t test for unpaired values. A similar limit of p < 0.05 was utilized to identify statistically significant differences.
Echocardiographic data were obtained only for animals undergoing 10 min of untreated cardiac arrest and at only three intervals: baseline, 5 h and either 24 h (n = 9) or 48 h (n = 5). Therefore, 24-and 48-h data were combined, and a repeated measures analysis of variance was performed to assess changes in left ventricular echocardiographic variables over time. Again, a Newman-Keuls multiple comparisons test was utilized to identify specific differences among the three time intervals.
All data analysis was performed utilizing the commercially available software program, TRUE EPISTAT, 5.2 edition. All results are mean value 2 SE.
Results
Outcame data. The initial study group received 15 min of untreated ventricular fibrillation before any attempt at resuscitation, Initial return of spontaneous circulation was achieved in 8 of 10 swine, however, no animal survived 24 h. Therefore, the period of untreated ventricular fibrillation was shortened to 10 min. After this period of cardiac arrest, 16 of 17 animak were successfully resuscitated, 15 of 16 survived for 24 h. Ten of these 24-h survivors were euthanized as per protocol; however, the final five were observed for another 24 h. All five animals survived the full 48 h.
There were no dilTerences in coronary perfusion pressures during cardiopulmonary resuscitation between the 15-and lo-min ventricular fibrillation groups to explain the difference in outcome (Table 1) . However, several variables of lefi ventricular function indicated that 15 min of untreated cardiac arrest produced significantly more Icft ventricular dysfunction than did 10 min of untreated cardiac arrest. Left ventricular ejection fraction was significantly lower S h after resuscitation in the swine undergoing 15 min of untreated ventricular fibrillation than in those undergoing only 10 min (Table 1) . Decreased ventricular function was also indicated by increases in pulmonary artery pressures and pulmonary artery occlusive Surviving animais underwent complete necropsy by a board-certified veterinarian (R.W.H.). Utilizing a previously published trauma score (2l), attention was paid to CPRproduced injury and traama. Seven of the I6 animals undergoing necropsy studies had some degree of mild cardiac contusion; however. none of these contusions was large or transmural. Typically, they were seen over the anterior portion of the right ventricle. The most common injury was pulmonary atatelectasis, with 12 (75%) of 16 animals having some degree of such injury. 'I%e next most common was rib fracture; 9 (56%) of 16 animals had at least two rib fractures or more. A mean trauma score of 6.6 ? 0.7 was found for the 16 animals (21). Three animals were studied post hoc to examine whether myocardial infarction resulted from the lengthy period of untreated ventricular fibrillation before successful resuscitation. Each of these animals received 15 min of untreated ventricular fibrillation cardiac arrest. At 24 h, the animals were euthanized, and their myocardium was stained with triphenyl tetrazolium chloride (TK), according to standard methodology previously utilized in our laboratory (22) . No evidence of myocardial infarction was seen; rather, each sample of left ventricular myocardium exhibited consistent beefy red staining indicative of viable myocardium.
Angiogaphic data. No differences in left ventricular ejection fraction were seen among the three different subgroups at baseline. However, left ventricular ejection fraction decreased significantly by the 30-min postresuscitation time period in each group and continued to be significantly depressed for the first 5 h after resuscitation (Table 2) . Partial recovery was seen by 24 h, and full recovery was observed by 48 h ( Table 2 ). The systolic dysfunction was a diffuse process. Global left ventricular systolic dysfunction was observed in all ventricular walls, including the anterior, apical and inferior walls (by contrast ventriculography) and the lateral wall (by echocardiography), as opposed to the focal wall motion abnormalities seen with myocardial infarction and subsequent reperfusion. Figure 1 shows the changes in left ventricular ejection fraction in one animal over the first 48 h after resuscitation and illustrates the ditfuse nature of this left ventricular systolic dysfunction. End-systolic and end-diastolic left ventricular volumes were calculated from the contrast ventriculograms. No change in enddiastolic volume was seen after resuscitation, but endsystolic volume increased consistently when measured at 30 min, 2 h and 5 h after resuscitation (Table 2) . Similarly, stroke volume was also compromised at 30 min, 2 h and 5 h after resuscitatidn in all groups (Table 2) .
Peak left ventricular systolic pressure divided by endsystolic volume is a commonly calculated ratio for measurement of global myocardial contraction (L3,24). This ratio decreased significantly in all groups during the first 5 h after resuscitation and continued to be depressed at 24 h but made a full recovery by 48 h ( Table 2) .
&a. The major hemodynamic changes seen from baseline through 48 h after resuscitation are pre- Table 3 . Right heart pressures, including right atria1 pressure, mean pulmonary artery pressure, and mean pulmonary artery occlusive pressure, increased insignificantly after successful resuscitation within each subgroup.
Cardiac output measured by thermodilution technique decreased after resuscitation in each subgroup but was significantly lower only in group B. Partial recovery was observed by 24 h and full recovery by 48 h. Peak +Ttolic left ventricular pressure was generally unchanged throughout the 48-h study period among all groups, Left ventricular end-diastolic pressure increased significantly in all subgroups during the first 5 h after resuscitation before returning to baseline levels by 48 h (Table 3) .
Measurement of tab documented temporarily impaired relaxation of the left ventricle after resuscitation. The increase in isovolumetric relaxation time, from baseline to 5 h and the subsequent decline toward baseline level from 5 to 48 h, was significant in group B (Table 3) . Eeime&@rapKe data. Standard diameters and variables of fractional shortening mitral valve deceleration time and left Myocardial blood flow averaged 119 t 10 mUmin per 100 g at baseline and was 123 It 9 mumin per 100 g at 5 h after resuscitation.
Left ventricular ejectiin fraction was 50 2 7% at baseline but was markedhi depressed, averaging only 19 f 5% (p < O.K!) during the first 5 h after resuscitation. Restoration to baseline of these variables occurred by 24 to 48 h after resuscitation.
Post hat studies. MyoCaniol blood flow data. From the several animals studied in which regional blood flow was measured before cardiac arrest and at 5 h after resuscitation, no significant decline in myccardial bkxnl flow was seen, whereas left ventricular ejection fraction declined sign%cantiy. DqWffution dnta. To assess whether the defibrillation shocks contributed to the degree of left ventricuk dysfunction found after resuscitation, the number of shocks and total joules received were tabulated. The number of shocks ranged from one to four, with 18 of 23 animals receiving only one shock and no animal receiving more than four shocks (mean 1.4 2 0.2). Themeaototaljouleswas303t38J(Roge190tct760).~ animal receiving the most shocks (four) for a total amount of 760 J did not have the lowest ejection fraction during the study, nor was it evident that other left ventricular function variables indicated a correlation between total joules and left ventricular dysfunction. We performed a post hoc study of several additional animals that received high energy shocks administered without inducing ventricular fibrillation czrdi~c arrest. Mean left ventricular ejection tia<tion did not decline over time in these animals. No decrease in left ventricular ejection fraction over the study period of 24 h was seen. Therefore, we believe that defibrillation injury itself did not play a significant role in the well described left ventricular dysfunction seen in the animals after resuscitation.
Discussion
The present study demonstrates marked stunning of the myocardium after successful CPR, with resultant systolic and diastolic dysfunction that was maximal between 2 and 5 h after resuscitation, showed improvement at 24 h and normalized by 48 h after resuscitation. Because ail study animals had normal coronary arteries before ischemic insult, it amid be postulated that the effects in older hearts or hearts with coronary disease may be even more dramatic than those shown herein.
Global tuyocurdiul storming after rfmscitatioa. The strict definition of myocardiai stunning includes the persistence of left ventricular dysfunction after the return of normal myocardial blood flow. Although the return of normal baseline function was seen, no myocardiai blood flow was measured in the original study. Therefore, several animals were studied post hoc with the same protocol, including 10 min of untreated ventricular fibrillation before CPR and subsequent successful resuscitation. Myocardial blood tlow w+ unchanged between baseline and 5 h at&r resuscitation, whereas left ventricular ejection fraction decreased significantly by 5 h after resuscitation. These data show convincingly that this is true myocardiai "stunning," with normal coronary blood flow at the time that left ventricular function is markedly depressed, although full recovery is seen within several days.
The importance of this observation is that aggressive supportive therapy may well be indicated in the first 48 h after arrest in those patients with resultant severely decreased wWrkuiar function, with the expectation that patt of this dysfunction is myocardial "stunning" and thus reversible. The concept of myocardiai stunning is well accepted (25,26). Regional myocardiai stunning from various periods of coronary occlusion and reperfusion correlates well with the length of ischemic injury. Both systolic contraction and diastolic relaxation remain impaired after myocardiai blood flow is restored but eventually return to normal (27) . The concept of a postresuscitation syndrome and resultant global myocardial stunning is relatively new. It has long been recognized that initial resuscitation from cardiac arrest does not ensure long-term survival. Approximately 60%-70% of patients originally resuscitated from cardiac arrest died in hospital before discharge (2-5). The most common causes of postresuscitation deaths before discharge appear to be central nervous system injury and myocardiai failure. Shoenenberger et al. (S), in their report of 141 cardiac arrests, found that of the 50 patients initially resuscitated, only 18 survived to hospital discharge. The most common causes of death after resuscitation in their series were central nervous system damage, myocardiai failure and infection (5).
Negovsky (28) was the first to describe a postresuscitation syndrome with multiple-organ damage after cardiac arrest and successful resuscitation. Investigators at the University of Pittsburgh have also reported a "cardiovascular postresuscitation syndrome." Cerchiari et al. (11) studied myocardial filling pressures and cardiac output befr,re and after normothermic ventricular fibrillation (no blood flow) cardiac arrest of 7S, 10 or 125 min in duration, reversed by standard external CPR. Central venous pressure increased at 30 min in all three groups but returned to baseline levels by 1 h. There was no change in mean pulmonary artery p&sure. Pulmonary artery occlusive pressure increased in ail three groups at 30 min but returned to normal, except in the group undergoing the most prolonged untreated period of cardiac arrest (125 min), where it remained elevated above control levels throughout the first 6 h after resuscitation. Cardiac index decreased in all three groups until 6 h. After 6 h, it remained sign&ca&y lower than control levels only in the group with 12.5 min of untreated ventricular fibrillation. Tang et al. (12) recently published a report of progressive myocardial dysfunction after CPR using an isolated perfused rat heart preparation. 
